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1. Introduction 

The objective for the design and development of a radio frequency (RF) Closed 
Loop Laboratory (CLL) is to develop a capability to emulate the phenomenology, 
waveform, and modulation techniques of Army RF systems and other national 
assets. It also is being developed to gain a better understanding of current system 
limitations and will aid in the development of techniques, waveforms, and 
algorithms for improved system performance. This design provides the US Army 
Research Laboratory (ARL) with a unique facility for the study of current and 
evolving RF systems. The CLL is a closed loop simulator that can be used to model, 
simulate, and analyze the effects and phenomenology for both simulated and actual 
RF transmissions and receiver signature profiles to include, but not limited to, radar 
and communications systems.  

The CLL comprises 3 major assemblies: the RF transmitter simulator, the RF 
propagation section, and the target generator to mimic the analog composition of 
the radar target return and impose other environmental effects such as radar cross 
section (RCS) profiles and micro-Doppler stimuli. Figure 1 shows a block diagram 
of these assemblies, configured as a radar emulator for the purposes of this report, 
which focuses on the design and calibration of the RF propagation section. The 
CLL is designed to also simulate, as close as possible, the environmental effects 
that a radar-generated signal and its return may experience as part of an impact 
study. The effects include, but are not limited to, electric-field (E-field) 
polarization, atmospheric conditions, and range effects.  

 

Fig. 1 CLL system block diagram 
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The design philosophy for the RF CLL was to use a modular design approach, 
which would allow for system expansion and growth to accommodate mission 
needs and address evolving waveforms that would require upgrades to the system. 
The radar simulator comprises a National Instruments (NI) 18-slot Peripheral 
Component Interconnect Extensions for Instrumentation Express (PXIe) chassis 
populated with various modules used for waveform generation and process 
control.1 The system is designed to allow for direct insertion of radar profiles by 
the operators so that a visual response and reaction can be ascertained and analyzed. 
Figure 2 shows the chassis that contains the PXIe-1085 that makes up the radar 
simulator. It is configured, at a minimum, with a system controller, a PXIe-8135, a 
digitizer/analog-to-digital converter (PXIe-5154), a digital-to-analog converter, 
and a 500-GB SATA hard drive for mass storage. Future upgrades might include 
the NI PXIe-7965R Flex Rio field-programmable gate array module. The chassis 
could be used to accommodate a programmable step attenuator used to emulate 
environmental conditions. The free space test chamber will mimic wave 
propagation effects. It will include polarization studies and effects as selected 
antenna are positioned in predefined orientations, from either a radar emitter 
perspective or a target prospective. 

 

Fig. 2 Radar simulator configuration 

The overall CLL system configuration consists of a network of RF cabling 
assemblies, mixers, directional couplers, and power conversion devices. These are 
connected to produce the proper radar and target generator transmit (TX) and 
receive (RX) functions and capabilities, as well as a methodology for capturing the 
closed loop response in real time as described by the NI instrumentation. The radar 
transmits/radiates its baseband derived waveforms, which is further mixed up or 
down depending on the requirement into the free space chamber to emulate as close 
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as possible prevailing atmospheric conditions (rain, snow, fog, etc.). Once the 
propagated radar wave exits the chamber, it is directed through couplers or power 
splitters to the target simulator where it is further scrutinized by the target generator 
and retransmitted back into the test chamber where it is received and processed to 
measure the effects. 

2. CLL RF Section Description 

The CLL includes an RF propagation section from 8–18 GHz using broadband 
dual-ridged horn antennas (DRHAs) in an absorber-lined chamber. The aluminum 
chamber is constructed in 2 halves, 4 ft (W) × 4 ft (H) × 4 ft (L), connected by 
clamps so it can be opened as needed as shown in Fig. 3. The tapered resistivity 
absorber is a MF-51 from MAST Technologies, which has better than –35 dB 
reflectivity over the frequency range of interest.2 The manufacturer’s measured 
reflectivity for this 4.5-inch-thick foam absorber is shown in Fig. 4, with the data 
sheet included in the Appendix, although this product is no longer available. The 
DRHAs were obtained from A-INFO, Inc., and meet the manufacturer’s 
specifications shown in Fig. 5.3 Compact horn antennas are used since gain is less 
important than maintaining a portable size chamber. Two of the measured gain 
curves provided with the horns were digitized and are compared in Fig. 6, indicating 
only small differences over the frequency band. Three of these horns are mounted 
on each end of a 4-ft (W) × 4-ft (H) × 8-ft (L) chamber on metal shafts oriented in 
a triangle pattern with independent rotation control as shown in Fig. 7 as installed 
in the absorber-lined chamber. The shaft motors are controlled independently using 
LabView.4 The horns are connected to the shafts using aluminum brackets to the 
existing bolts for the coax-to-waveguide adaptor (see Fig. 7). The entire assembly 
is installed with clamps so that it can be removed as shown in Fig. 7c. Because of 
this installation, there is a gap in the absorber lining around the horn assembly as 
can be seen in Fig. 7a. Notice that short Crystek cables from the chamber inputs 
penetrate the chamber through the shafts as can be seen in Fig. 7b.  
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Fig. 3 Aluminum RF section showing clamps available for opening the chamber 

 

Fig. 4 Tapered resistivity 4.5-inch metal-backed microwave absorber reflectivity data 
(image courtesy of MAST Technologies2) 
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Fig. 5 DRHA specifications (image courtesy of A-INFO3) 

 

Fig. 6 Manufacturer’s measured gain vs. frequency for DRHA numbers 101 and 102 
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(a) 

 
(b) 

 
(c) 

Fig. 7 DRHAs on rotating shafts from a) inside, b) outside, and c) removed 
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A scale drawing is shown in Fig. 8 where the horn aperture is roughly 8.3 inches 
from the wall leaving a separation distance d = 6.6 ft. (2 m) between the horn 
apertures. A horn 8.3 inches from the center of the back wall would have a 52° field 
of view to the center of the chamber side walls. Based on the manufacturer’s 
specifications, the full beam width is approximately 53° at 8.5 GHz decreasing to 
approximately 33° at 18 GHz. So at the lowest frequency the main beam of the 
radiation pattern would be about 3 dB lower at the side wall compared to the direct 
path. Thus, the reflection from the side walls should be more than 30 dB less than 
the main beam over the entire frequency range. However, empirical calibration is 
required to account for scattering effects not included in a theoretical or numerical 
analysis. It should be mentioned that the DRHA numerical model is somewhat 
idealized and the horn arrangement for simulations is perfectly symmetric around 
the vertical centerline (see Fig. 7b). This leads to some unrealistic results, especially 
when one horn is cross-polarized. 

 

Fig. 8 Scale drawing of a) the absorber-lined propagation chamber and b) the DRHA 
arrangement on a 4-inch base (and height) triangle 

 
(a) 

 
(b) 
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The separation between horns must satisfy the far-field requirement. At the lowest 
frequency, the wavelength λmax = 37.5 mm, and d >> λmax implies a separation 
greater than 0.4 m. At the highest frequency, d > 2D2/λmin, where D = 61.8 mm is 
the horn aperture diagonal and λmin = 17 mm so d > 0.315 m. The 2-m aperture 
separation satisfies both requirements. With an absorber reflectivity of greater than 
30 dB, the chamber should be similar to free space conditions. Any deviations can 
be corrected with frequency-dependent calibration factors, but these corrections 
should be small. Free space path loss (PL) calculations and numerical simulations 
are used to estimate the various S-parameters. The chamber measured S-parameter 
data for cross-talk and PL over the aperture separation establish the actual 
calibrated levels. Then RF propagation effects such as polarization mismatch can 
be investigated. Other uses for such a chamber are material studies such as absorber 
transmission, the influence of radomes, and other scattering experiments. 

3. RF Propagation Chamber Setup and Calibration 

The initial setup and calibration for the propagation section is depicted in Fig. 9. 
Figure 10 depicts the setup used for the calibration of the chamber. The Keysight 
M9375A vector network analyzer (VNA) and Keysight N4691B Electronic 
Calibration (ECal) 2-port module were used to perform the initial calibration prior 
to connecting to the chamber. The ECal module is controlled by the USB interface 
to the NI PXIe-8135 system control module. In this manner, the cables used to 
connect the VNA to the chamber are included in the calibration so their insertion 
loss are not part of the measured chamber PL. 

 

Fig. 9 Initial calibration setup and configuration 
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Fig. 10 Propagation chamber setup and configuration 

The M9375A VNA module is housed in and occupies a slot in the NI 18-slot 
chassis. Keysight proprietary network analyzer software, when launched from 
within the Windows-based controller environment, is used to configure and initiate 
calibration of VNA prior to connecting the test cables to the chamber. The 
calibration employing the ECal module is used to account for and eliminate any 
losses and errors generated by the test cables, adapters, and VNA prior to 
performing any test on the free space propagation chamber. The ECal module is 
designed to automate the entire calibration process. The ECal module replaces the 
traditional network analyzer calibration processes where shorts, opens, and loads 
were physically inserted directly into the test setup prior to the test article, in this 
case, the chamber. Using the ECal module ensures confidence and repeatability into 
the test setup. Thus, minimizing the possibility of collecting erroneous data that 
would impact test results. 

Cables are connected to the ECal modules Port A and B 3.5-mm male connectors 
using two 2-ft male to male extension cables, which are further connected to two 
10-ft lengths of SMA male to male cables. The 2-ft lengths were inserted into the 
setup to relieve stress on the 3.5-mm straight input connectors of the M9375A 
VNA. These 2-ft cables are used for all subsequent measurements so the VNA 
calibration extends to the chamber inputs. All the cables being used to connect the 
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VNA to the propagation chamber are thus calibrated out of the measurements. 
However, the short cables between the input to the chamber and the horn input are 
not included in the calibration. The insertion loss of these cables is measured 
separately and the data corrected for this additional loss. That is, the measured 
transmission is smaller than the free space PL owing to the additional insertion loss 
of these cables, which can be corrected to obtain only the PL of the RF section.  

Calibration and measurements are conducted over frequencies of 7–19 GHz and the 
horns are still matched over this frequency band. The intermodulation frequency 
(IF) bandwidth is set to 100 Hz with 10,000 frequency samples. After calibration is 
completed and saved, the ECal module is removed and the cables are connected to 
the chamber as shown in Fig. 10. Measurements such as S-parameters can be 
performed, saved, and analyzed. The specifications data provided for both the 
M9375A VNA and N4691B ECal modules are National Institute of Standards and 
Technology traceable through Keysight Technologies. The calibration certificate 
for both can be found in the Appendix.  

4. RF Section Modeling 

To properly model the free space propagation, an accurate horn model was 
required, but an exact computer-aided design model of the A-INFO horns was not 
available. Instead, a dual-ridged horn from the antenna repository software Antenna 
Magus was chosen as an approximate model.5 The aperture size had to be scaled to 
the same aperture size as the A-INFO horns: 1.89 inches (48 mm) × 1.54 inches  
(39 mm). The length of the model horn, however, is shorter by about 0.2 inches  
(5 mm). The horn model was simplified and the coax (waveguide port) was 
substituted with a magnetic frill source (edge port). FEKO, a commercial software 
suite for electromagnetic modeling, was the primary solver using the method of 
moments for small problems (1–4 horns) and the multi-level fast multipole method 
(MLFMM) for large (6 horns) problems.5 Three workstations in total were used for 
FEKO simulations. Two workstations had two 12-core, hyper-threaded Intel Xeon 
central processing units (CPUs) clocked at 3.1 GHz under load (2.3 GHz at idle), 
128 GB of DDR4 random-access memory (RAM), and one NVidia Quadro K6000 
graphics processing unit (GPU) each. The other workstation was a standalone 
Linux machine (CentOS GNOME) with four 16-core AMD Opteron CPUs clocked 
at 2.6 GHz under load (2.3 GHz at idle), 256 GB of DDR3 RAM, and one NVidia 
GTX 680 GPU. All stated computational times and memory requirements were 
calculated as the average per frequency. 

Magnetic symmetry is enforced in all co-polarized horn models for faster 
computations and reduction in memory usage for simulations without MLFMM. 
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Symmetry is still used for MLFFM simulations to enforce a symmetric mesh. 
Symmetry is not recommended for the cross-polarized model. The plane of 
symmetry forces the E-field to be perfectly symmetric beyond that of an idealized 
model, which produces perfect cross-polarization, which could never be achieved 
in practice. All shown patterns are in the plane of the E-field (E-plane). Co- and 
cross-polarized simulations refer to the polarization of the transmitting horn (horn 
4 in the chamber). Co-polarized refers to the transmit horn being co-polarized with 
all other horns. Cross-polarized refers to the transmit horn being cross-polarized 
with respect to all other horns.  

A comparison of the A-INFO and simulated horn gain is shown in Fig. 11a 
indicating the actual horns used have more gain at most frequencies. Above  
16 GHz, the horn model has a higher gain than the A-INFO horns. The difference 
in the horn transition length is the most likely culprit for the gain difference. A 
frequency-dependent correction factor can be used to scale the FEKO model gain 
to that specified for the A-INFO horns so the model can more accurately represent 
the A-INFO horn configuration. Neglecting this difference in gain, the FEKO 
model is still useful for approximating the A-INFO horns in terms of S-parameters, 
radiation patterns, near-fields, and coupling. For a single horn using a 12-core CPU 
and one plane of symmetry, the FEKO simulation requires 0.94 GB of RAM and 
about 43 s per frequency for single precision. A 3-horn model for simulating the 
cross-talk to nearby horns requires 6.7 GB of RAM and about 302 s per frequency 
for single precision. Neither the single- nor 3-horn models used MLFFM, as the 
problem space was too small electrically for this method to save computational 
resources. 
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(a) 

 
(b) 

Fig. 11 The free space realized gain of a DRHA for a) the FEKO horn model compared to a 
single A-INFO horn and b) the FEKO horn compared to a 6-horn model 
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Part of the purpose of the modeling exercise was to determine how simple a model 
could be used to approximate RF propagation in the CLL. The reason being that a 
simple model reduces computational resources and time at the expense of accuracy. 
For example, modeling 3 nearby horns to simulate coupling (or cross-talk) or even 
4 horns for transmission and coupling would be preferred instead of 6 horns. 
Comparing the gain and radiation pattern of 1 horn to 6 horns is a good way of 
capturing perturbations caused by the backscatter off of the other horns. Gain 
comparisons between the 1- and 6-horn models in Fig. 11b show that there is a 
nonnegligible difference in gain. The 6-horn model shows less gain than the 1-horn 
model. The difference is associated with antenna and structural mode scattering 
effects that produce constructive and destructive interference.6 The horn mounting 
hardware are not included in the model so that the measurements include scattering 
effects from the horn assembly that are not in the model results. The full 6-horn 
FEKO model with one plane of symmetry requires 33 GB of RAM and  
1692 s per frequency of computational time for a single precision simulation.  

One way to reduce these computational requirements is to use MLFMM, which is 
an approximate technique to solve Maxwell’s equations for electrically large 
problems. MLFMM is advantageous in that the efficiency increases with increasing 
electrical size of the problem space. However, due to being an approximate solution 
to Maxwell’s equations, MLFFM does not necessarily enforce the reciprocity 
inherent in the equations. With this method, the full 6-horn model requires only  
5.8 GB of RAM and about 936 s per frequency on a 12-core CPU. Alternatively 
MLFMM can be used on the GPU (NVidia Quadro K6000) and requires 3.2 GB of 
RAM and about 720 s per frequency. The numbers stated prove that MLFFM 
greatly reduces both the computational time and resources for simulating the 6-horn 
problem compared to without MLFFM and one plane of symmetry. However, 
MLFMM does not accurately predict nearest neighbor coupling or the cross-
polarized radiation pattern. Spurious calculated data points predicted by MLFMM 
give false insight into the scattering produced by the other 5 terminated horns. 
Therefore, although MLFMM can, in general, greatly speed up simulation time 
over the full wave method, care must be taken when interpreting the fast method 
results.  

In this case, it is better to accept a longer simulation time with fewer frequencies 
by using the full wave method than to use the fast method that naturally produces 
discrepancies that may or may not lead to confusion. With that said, FEKO does 
have the capability to solve surfaces with the combined field integral equation 
(CFIE) instead of the electric-field integral equation (EFIE). The CFIE combines 
the EFIE with the magnetic-field integral equation to potentially improve accuracy, 
but can only be applied to closed surfaces. Implementing CFIE could not be tested, 
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however, as the horn model is not a closed surface. Simulated results shown after 
Fig. 11b are produced without MLFMM. 

There are pattern perturbations for the multiple horn arrangement owing to 
scattering effects that cause ripples in the TX (or RX) pattern. These effects are 
small in the forward direction for the 3 triangularly arranged horns but can be larger 
in the back lobes of the E-plane patterns where the horns are located. An example 
is shown in Fig. 12a at 12 GHz for a single horn in free space compared to the 
triangular arrangement of 3 horns. When the TX (top) horn is rotated 90° the  
E-plane pattern is similar to a single horn, indicating that scattering effects are 
larger with all horns co-polarized. With 6 horns, the perturbations are somewhat 
larger as shown in Fig. 12b where there is also more ripple in the forward direction 
with all 6 horns caused by scattering off of the other 3 horns. As mentioned 
previously, symmetry was not used because of the induced perfect cross-
polarization of the transmit horn as seen in Fig. 12c. Here, symmetry produces an 
unrealistic result where there is complete cancellation of the cross-polarized fields 
from the transmitter, thereby reducing the cross-polarized patterns to numerical 
noise. Without symmetry, the model is still idealized, being most obvious in the 
cross-polarized component of the E-plane pattern. Shown in Fig. 12d, there is a 
deep null at boresight produced by the idealized model. This null is significantly 
deeper than what would be measured in practice and would predict a much larger 
cross-polarized isolation than what would be measured. Rotating the horn (or 
pattern) by 1° fills in the artificial null on boresight. Therefore, in cases such as this, 
introducing some small error in the model (e.g., rotation alignment error) is 
recommended to improve prediction accuracy for the actual horn configurations. 
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 (a) (b) 

 
 (c) (d) 

Fig. 12 The free space realized gain E-plane pattern at 12 GHz for DRHAs a) using the 
FEKO single-horn model compared to 3 horns, b) a single horn compared to the 6-horn model, 
c) the corresponding cross-polarized component with and without symmetry, and  
d) the rotated TX horn cross-polarized pattern 

For a pair of matched horns in free space having gain, Gt and Gr, the calculated PL 
is almost exact compared to the FEKO result. But, a numerical model allows an 
estimate of horn-to-horn coupling and scattering effects from the horns’ geometric 
arrangement. Such effects will cause deviations from the PL expected for a matched 
pair of TX and RX horns. The PL between 2 antennas separated by 2 m between 
apertures can be readily calculated according to the Friis equation. This loss 
includes the antenna gain (in dB) and is typically taken to be positive, often written 
as 
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 𝑃𝑃𝑃𝑃(𝑑𝑑𝑑𝑑) = 32.4 + 20log [𝑑𝑑(𝑘𝑘𝑘𝑘)] + 20log [𝑓𝑓(𝑀𝑀𝑀𝑀𝑀𝑀)]− 𝐺𝐺𝑡𝑡 − 𝐺𝐺𝑟𝑟, (1) 

where d(km) is the distance in kilometers and f(MHz) is the frequency in megahertz. 
Given the A-INFO horn gain and assuming identical antennas the PL over 2 m can 
be calculated by Eq. 1, referred to as the A-INFO transmission. The simulated  
S-parameters for a 3- and 6-horn model are shown in Fig. 13a and b, respectively. 
The calculated transmission (or A-INFO calculated PL from Eq. 1) for a 2-m 
separation is shown in Fig. 13a. Also included are the simulation results for the 
coupling with a cross-polarized transmitter where the coupling (or cross-talk) to the 
nearby horns (S3, 1) at low frequency is roughly independent of the TX horn 
polarization. These S-parameters are somewhat different for the 6-horn model, 
indicating that all horns should be included to have the most accurate numerical 
model for the A-INFO horns as installed. The dip in transmission and S1, 1 near 
15.5 GHz, are inherent to the horn model where there are corresponding dips in the 
boresight gain and S1, 1 for a single horn. The addition of the other 5 horns lowers 
the received power on boresight due to the slightly lower boresight gain induced by 
the pattern ripple. The S1, 1, coupling, and cross-polarized transmission all have 
more ripple due interference when including all 6 horns, which would not be seen 
with only 3 or 4 horns.  

In the symmetric 3-horn arrangement, the cross-talk to the bottom 2 horns with the 
top horn transmitting is nearly identical. Also when the TX horn is rotated 90° the 
cross-talk is similar as shown in Fig. 13a. The cross-polarized transmission is lower 
than the co-polarized transmission by about 70 dB, which is 35 dB more than what 
would be expected for a typical horn. This is the result of the null on boresight in 
the cross-polarized pattern of an idealized model. By slightly rotating the 
transmitter one tenth of a degree, the difference is about 60 dB instead of 70 dB. In 
fact, an even smaller rotation of one millionth of a degree is enough to change the 
cross-polarized transmission result by as much as 5 dB. The cross-polarized 
coupling, on the other hand, is not much different than the co-polarized coupling in 
the 6-horn model as shown in Fig. 13 b. This implies that the coupling to nearest 
neighbor horns is roughly independent of polarization so it is dominated by antenna 
structural mode scattering. That is, the coupling to nearby horns is not direct 
coupling through the aperture but rather due to induced current on the horn by 
scattering from the TX horn sidelobes. 
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(a) 

 
(b) 

Fig. 13 The simulated S-parameters for ridge horn antennas for a) a 3-horn model and b) a 
6-horn model 



 

Approved for public release; distribution is unlimited. 
18 

Using a single standard gain horn (SGH) antenna gain versus frequency in free 
space from FEKO, the PL (negative) is calculated for comparison to the FEKO 
transmission (S2, 1) result for matched antennas at a 2-m separation. There is a 
discrepancy at 12 GHz as shown in Fig. 14, but otherwise the difference is less than 
0.3 dB. The difference is the scattering effect of the RX antenna. Similarly, the 
manufacturer’s measured gain of the installed antennas can be used in Eq. 1 to 
estimate the PL neglecting scattering effects. With 6 horns, this scattering and the 
effect of the absorber-lined chamber will cause the laboratory setup to be slightly 
different than free space conditions. These differences are included in the measured 
S-parameters of the installed antennas, which represent the calibration of the empty 
chamber. Each TX/RX pair could have a slightly different frequency response that 
represents deviations from free space propagation. However, measurements 
indicate the horns have nearly identical gain versus frequency, so that deviations 
from free space conditions (and the FEKO model) are associated with scattering 
effects of the chamber and mounting hardware along with the combination of the 
DRHA and structural mode scattering. 
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(a) 

 
(b) 

Fig. 14 The free space PL for SGH antennas a) from FEKO compared to the calculated PL 
and b) the difference vs. frequency 

The manufacturer’s measured gain of the A-INFO antenna 101 is used in Eq. 1 to 
estimate the PL (positive) over 2 m in free space neglecting scattering effects. The 
result is shown in Fig. 15 compared to the FEKO DRHA model. In this manner, the 
frequency-dependent gain can be included rather than a constant gain to estimate 
the frequency-dependent PL. Using the typical 10-dBi gain for the A-INFO horn 
does not capture this variation. However, there are significant differences in the  
A-INFO horn and the FEKO ridged horn model above 15 GHz, and this invalidates 
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some of the results that could be obtained with the FEKO model compared to 
measurements in the actual RF section at high frequency. 

 

Fig. 15 The free space PL for 2 DRHAs from theory using the measured gain vs. frequency, 
the typical gain, and from a FEKO simulation 

5. RF Section Measurements 

The various horns are numbered as shown in Fig. 8b, where horns 4–6 are at the 
opposite end of the chamber. Thus, horn 1 and 4 are at the top where the triangular 
horn arrangements are geometrically aligned with respect to the center of each end 
wall. The measured S(1,1) for horn 1 is shown in Fig. 16 compared to the single- 
and 6-horn FEKO models. The noise in this measurement is associated with the 
short section of cable connecting each horn to its chamber input not being included 
in the chamber calibration. The insertion loss is measured and used to correct the 
data, but the phase variation of the interconnect cables is part of the measurement. 
It could be suppressed by using fewer frequency samples (or averaging), but it is 
important that this noise is known to be part of the measured data. The S(1,1) data 
for each horn are shown in Fig. 17. All the horns are similarly matched, but notice 
that horns 4–6 have a slight difference with increasing frequency. 
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Fig. 16 The measured horn 1 reflection coefficient vs. frequency compared to the FEKO 
models 

 

Fig. 17 The measured horn reflection coefficients vs. frequency 
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Since each horn has an equal length of cable not included in the VNA calibration, 
any measure of transmission or coupling will include the insertion loss of these 
cables. All these cable have almost identical insertion loss (positive) versus 
frequency and so are assumed to be the same with the measurement shown in  
Fig. 18. Thus, the measured transmission and coupling data are corrected by twice 
the interconnect cable insertion loss. This correction is used to avoid overestimating 
the actual transmission and coupling owing to only the horns and chamber. In 
practice, fewer frequency samples may be used to decrease the sweep time, which 
would under sample the interconnect cable variations with frequency and result in 
data that appear to have lower noise. For the purposes of this calibration report, the 
data are finely sampled to show that the noise cannot be removed without including 
the interconnect cables in the VNA calibration. 

 
Fig. 18 The measured insertion loss for a short cable penetrating the CLL for connecting 
the horns 

Horn 4 transmitting the measured coupling to the nearest neighbor horns is shown 
in Fig. 19 compared to the simulation result. The data are corrected by adding twice 
the cable insertion loss shown in Fig. 18 to the measurement. The results indicate 
the cross-talk to nearby horns is nearly identical. The FEKO model results are 
identical due to symmetry and similar to but somewhat larger than the measured 
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data. Thus, the FEKO 6-DRHA model in free space is useful for studying RF 
propagation in this chamber, but it does not exactly represent the RF section with 
the horns as-installed. The measured cross-talk compared to the VNA noise level 
is shown in Fig. 20. The noise level is that of the VNA using 100-Hz IF bandwidth, 
but the actual noise level for received power measurements can be limited by cross-
talk. Thus, with a single horn transmitting, the minimum signal that can be received 
by nearby horns is determined by the horn-to-horn coupling. In the 8–18 GHz 
range, the VNA noise floor is 30–50 dB below the horn-to-horn cross-talk.  

 

Fig. 19 The measured co-polarized horn coupling vs. frequency compared to the FEKO 
model 
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Fig. 20 The measured co-polarized horn coupling vs. frequency compared to the VNA noise 
level 

The co-polarized transmission measurement is shown in Fig. 21 where aligned 
horns refers to geometrically aligned horns on each end of the chamber. With the 
top horn transmitting, the received signal of the bottom horns is slightly different 
indicating that the horns are not perfectly identical or the arrangement is not 
completely symmetric. The measurement has not been corrected for the 
interconnecting cable losses, so represents the PL from the chamber input not the 
horn input. Actual calibration of the RF section requires the PL from the horn 
apertures so that it includes only the free space PL plus scattering effects of the 
chamber and horns as constructed. The corrected data using the measured 
interconnecting cable insertion loss are shown in Fig. 22 indicating the frequency-
dependent transmission (or PL) of the chamber as constructed. 
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Fig. 21 The measured transmission for co-polarized horns vs. frequency without correction 

 
Fig. 22 The corrected data for transmission of co-polarized aligned horns vs. frequency 
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By rotating the top TX horn 90° the cross-polarized transmission and coupling to 
nearby horns can be measured as shown in Fig. 23. The coupling for a cross-
polarized TX horn is similar to that for co-polarization at low frequency. This 
implies that coupling to nearby horns is dominated by structural scattering in the 
horn arrangement from the sidelobes of the TX horn. The transmission is as 
expected being about 35 dB below that measured for a co-polarized transmitter. At 
lower frequencies, the transmission between geometrically aligned horns is similar 
to when the horns are not aligned, as might be expected from the close geometry. 
The transmission to one of the not aligned horns has deep dropouts at some 
frequencies compared to the aligned (but cross-polarized) horns. 

 
Fig. 23 The corrected data for transmission and coupling of a cross-polarized TX horn vs. 
frequency 

A summary of the measured transmission and coupling levels is shown in Fig. 24. 
In all cases, the measured data are corrected for twice the cable loss shown in  
Fig. 18. For co-polarized horns, the dynamic range for transmission is limited by 
the VNA noise level being about 60 dB over the frequency range as shown in  
Fig. 24a. For a cross-polarized TX horn, the transmission is lower by the RX horn 
cross-polarization isolation so that the available dynamic range above the VNA 
noise level limited as shown in Fig. 24b. With a cross-polarized TX horn, the 
transmission to the nonaligned horn can be larger or smaller than that to the aligned 
horn depending on frequency. For a nearby horn in reception, the noise level is 
established by the coupling from the TX horn. The measured coupling is shown in 
Fig. 24c for both a co- and cross-polarized TX horn, indicating that this coupling 
to nearest neighbor horns is roughly independent of polarization. 
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(a) 

 
 (b) 

 
(c) 

Fig. 24 The measurement summary for a) the dynamic range for co-polarized transmission 
based on noise level, b) the cross-polarized transmission and noise level, and c) the noise level 
for reception based on nearest neighbor coupling 
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A summary of the measured co-polarized transmission for aligned horns is shown 
in Fig. 25 compared to the calculated PL using the A-INFO horn gain and simulated 
with the FEKO 6-horn model in free space. The data in this figure have not been 
corrected for the additional cable insertion loss. The corrected data are shown in 
Fig. 26 so they are larger by twice the cable loss of Fig. 18. The calculated PL for 
a pair of co-polarized and aligned A-INFO horns is also corrected to correspond to 
the reduced gain in a 6-horn arrangement (see Fig. 11b). The FEKO model showed 
that the gain of a single horn when configured in the 6-horn arrangement is lower 
at most frequencies compared to an isolated horn gain. So twice the correction 
factor in Fig. 11b is applied to the PL calculated with a pair of A-INFO horns. The 
FEKO DRHA model is similar but not identical to the actual horn, but the numerical 
model indicates that the boresight gain would be reduced. So the difference between 
a single DRHA and the 6-horn configuration in FEKO is applied to the A-INFO 
horn gain used in the PL calculated by Eq. 1. The corrected results are shown in 
Fig. 26 where the calculated transmission from Eq. 1 or from the 6-horn FEKO 
model are within about 2 dB of the measured data. The difference is associated with 
additional scattering effects of the chamber not captured in the free space 
calculation or simulation. This is probably additional scattering effects of the horn 
mounting hardware and the gap in the absorber around the mounting head as 
installed (see Fig. 7a). 

 
Fig. 25 The measured data without correction for transmission of co-polarized horns 
compared to calculated and simulated PL 
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Fig. 26 The corrected data for transmission of co-polarized horns vs. frequency 

The comparison between the measured and calculated or simulated S-parameters is 
summarized in Fig. 27 for co-polarized horns. The measured reflection coefficient 
is similar to the FEKO model but includes noise associated with the interconnecting 
cables and connectors that are not included in the VNA calibration. The measured 
transmission is similar to that calculated for the A-INFO corrected horn gain using 
Eq. 1. The measured coupling to a nearby RX horn is similar to the FEKO model 
except at low frequency where the simulated coupling results are a few decibels 
larger. The measured noise level is also shown, which can limit the available 
dynamic range depending on the type of experiments conducted in the RF chamber.  
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Fig. 27 The corrected co-polarized data summary compared to calculated/simulated results 
vs. frequency 

The corrected data and FEKO simulated results for co-polarized transmission and 
coupling are shown in Fig. 28a on an expanded scale. The transmission between 
geometrically aligned horns for the FEKO 6-horn model is within about 2 dB of the 
measurement below 15 GHz. These small differences are the influence of the horns 
as-installed in the absorber-lined chamber compared to the 6-horn arrangement in 
free space. At higher frequencies, there are large deviations associated with the 
difference between the FEKO DRHA model and the A-INFO horn gain (see  
Fig. 11a). For co-polarized coupling to the nearest neighbor horn, the FEKO model 
is in better agreement at higher frequency. At lower frequencies, the wavelength is 
on the order of the feature size of the horn mounting hardware and shaft assembly, 
which could lead to more destructive interference. The corrected data and FEKO 
simulated results for cross-polarized transmission and coupling are shown in  
Fig. 28b on an expanded scale. The agreement is not as good as for the co-polarized 
results primarily associated with the idealized model even without using symmetry. 
This can be seen by rotating the TX horn in the FEKO model by 1°, which produces 
results similar to the measured transmission. The measured coupling for both a co- 
and cross-polarized TX antenna is smaller than simulated but about the same level 
independent of polarization. The simulated results do not exactly reproduce 
measurements especially for a cross-polarized TX since the FEKO model is an 
idealized representation of the actual DRHA configuration. The results also have 
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differences associated with scattering effects of the horns as-installed in the 
absorber-lined chamber. Comparison to the measurements indicates that small 
errors can be introduced in the FEKO model to better represent the horn 
configuration in the RF propagation section. 

 
(a) 

 
(b) 

Fig. 28 The corrected a) co-polarized and b) cross-polarized data summary compared to 
FEKO simulated results vs. frequency 
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6. Conclusions 

All the cables/connectors used to connect the network analyzer to the RF 
propagation section are calibrated out of the measurements, except the short cables 
and connectors between the input to the chamber and the horn input. The insertion 
loss of these cables is measured separately and the data corrected for this additional 
loss. VNA calibration and measurements were conducted over frequencies of 7–19 
GHz, where the measured transmission and coupling corrected data represent the 
calibration of the entire RF propagation section. Calculated PL and numerical 
simulations are shown to demonstrate that the chamber performance can be 
approximated by free space calculations or numerical simulations of an idealized 
horn configuration. These calculated or numerical results are not exact, since they 
do not include all the various scattering effects versus frequency owing to the horn 
mounting hardware and motor assembly. Nevertheless, the numerical model does 
approximately capture the influence of the 6-horn configuration and so can be 
useful for modeling the various experiments that can be conducted in the CLL 
propagation section. However, the FEKO model is idealized in that the horns are 
geometrically aligned and symmetric about the vertical centerline so that 
introducing small asymmetries can often better match the data, especially for cross-
polarized measurements. In this manner, some expectation of the measured results 
can be obtained through simulation. In addition, a numerical model can be useful 
to estimate dynamic range and the influence of an arbitrary polarization mismatch. 
Although the measured data for the CLL propagation section with corrections 
represent its calibrated performance as-installed, the numerical model can also be 
useful for additional insight into the utility and limitations of experiments 
conducted in the CLL facility.  
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Appendix. Equipment Used 
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This Appendix summarizes the equipment used in the operation and testing of the 
Closed Loop Laboratory radio frequency (RF) section, along with the commercially 
available absorber and horn antennas used in constructing the RF section. The 
equipment list is shown in Table A-1. The calibration certificates for the electronic 
calibration (ECal) module and Peripheral Component Interconnect Extensions for 
Instrumentation Express (PXIe) vector network analyzer (VNA) are included in 
Figs. A-1 and A-2, respectfully. Both were calibrated by the manufacturer within 
the past year. The data sheet for the MAST Technologies broadband foam absorber 
is shown in Fig. A-3. Note that this material is no longer available from this 
manufacturer. The A-INFO horn typical gain and cross-polarized response are 
shown in Figs. A-4 and A-5, respectfully. 

Table A-1 Equipment and parts list 

1. Keysight Technologies M9375A PXIe VNA,  300 kHz to 26.5 GHz  
2. Keysight Technologies N4691B ECal module, 300 kHz to 26.5 GHz, 3.5 mm, 2-port 
3. MegaPhase 10-ft SMA, male to male, coax cable P/N: EMC2-3131-120/1GVT4 

16057901 002  
4. Crystek 2-ft SMA, male to male coax cable P/N: 1408-10, CCSMA-MM-LL142-24 
5. 2 × SMA female to female adapters 
6. National Instruments (NI) PXIe-8135 controller 
7. NI PXI 1085 18-slot chassis 
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Fig. A-1 Electronic calibration module calibration certificate 
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Fig. A-2 Network analyzer calibration certificate 
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Fig. A-3 Foam absorber data sheet1 

                                                 
1 MAST Technologies homepage. San Diego (CA): MAST Technologies; 2016 [accessed 2016 Oct 17]. 

www.masttechnologies.com.   

http://www.masttechnologies.com/
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Fig. A-4 A-INFO horn typical gain vs. frequency (image courtesy of A-INFO2) 

 

Fig. A-5 A-INFO horn typical cross-polarized response vs. frequency (image courtesy of  
A-INFO2) 

  

                                                 
2 LB-80180. Chengdu (China): A-INFO Inc.; 2011 [accessed 2016 Oct 17]. http://www.ainfoinc.com/en/ 

pro_pdf/new_products/antenna/Broadband%20Horn%20Antenna/tr_LB-80180.pdf. 
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List of Symbols, Abbreviations, and Acronyms 

ARL US Army Research Laboratory  

CFIE  combined field integral equation 

CLL Closed Loop Laboratory 

CPU central processing unit 

DRHA dual-ridged horn antenna  

ECal Electronic Calibration  

EFIE electric-field integral equation 

E-field electric-field 

GPU graphics processing unit 

IF intermodulation frequency 

MLFMM  multi-level fast multipole method  

NI National Instruments 

PL path loss  

PXIe  Peripheral Component Interconnect Extensions for 
Instrumentation Express  

RAM random-access memory  

RCS radar cross section 

RF radio frequency  

RX receive  

SGH standard gain horn  

TX transmit  

USB universal serial bus 

VNA vector network analyzer  
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